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Mean-field behavior with Gaussian fluctuations at the ferromagnetic phase transition of SrRuO3

D. Kim,* B. L. Zink, and F. Hellman
Department of Physics, University of California, San Diego, La Jolla, California 92093

S. McCall, G. Cao,† and J. E. Crow
National High Magnetic Field Laboratory, Tallahassee, Florida 32310

~Received 9 December 2002; published 28 March 2003!

Specific heat, resistivity, and magnetization have been measured through the ferromagnetic critical point for
single-crystal SrRuO3 . All data are well fitted to small reduced temperatures with mean-field critical exponents
including Gaussian fluctuations. The specific heat and temperature derivative of resistivity scale with each
other, confirming the Fisher-Langer relation. A long magnetic correlation length due to 4d-electron itinerancy
is likely responsible for the mean-field behavior.
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Metallic oxides, including the ruthenates, show a wi
variety of remarkable cooperative behavior attributed to n
row bands and correlated electron behavior. SrRuO3 is a
good example of this, with an extraordinarily high ferroma
netic ordering temperatureTc for a 4d metal, transport prop-
erties whose magnitude and strong temperature depend
suggest a breakdown of Fermi liquid theory~so-called ‘‘bad
metal’’ behavior!, enhanced low-temperature specific he
and an anomalous vanishing of magnetism on substitutio
isovalent Ca for Sr.1–5 Despite the more extended nature
the 4d electrons, SrRuO3 displays features similar to th
high-Tc oxides and reflects anomalous behavior often as
ciated with non-Fermi-liquid behavior. In contrast to many
the non-Fermi-liquid systems, however, SrRuO3 is not near a
quantum critical point. The anomalous transport behavior
ported for SrRuO3 may be related to strong local hybridiza
tion that drives the response at high temperatures but
comes less relevant at low temperatures where Fermi-liq
behavior is expected to be recovered.6

Magnetic properties show similar possibly related anom
lies. Treated in a local moment picture, with crystal fie
splittings, the Ru41 ions are expected to be in a low sp
stateS51, but there is considerable evidence that an itin
ant band magnetism picture is a more appropriate desc
tion. High-temperature susceptibility measurementsT
.Tc) give an effective momentp52.6mB per Ru ion, which
agrees well with the local momentS51 per Ru41 ion
„2@S(S11)#0.552.83mB….

5,7,8However, the low-temperatur
low-field magnetizationps is 1.1mB , significantly lower than
the 2mB expected fromS51, and reaches only 1.6mB even at
30 T.2,5,8 Neutron scattering confirms this low moment@m
51.1960.13 ~statistical! 60.15 ~systematic!#, and suggests
that of order3

4 of the moment is associated with the Ru s
and 1

4 with the oxygen sites.9 Band theory predicts
1.45– 1.7mB due to splitting oft2g levels.3,10,11The ratio of
p/ps52.4 suggests an electronic state intermediate betw
the itinerant and localized limits.12

Analysis of the paramagnetic/ferromagnetic phase tra
tion might be expected to shed light on this issue of mom
localization atTc , but has been controversial. Critical anal
sis of magnetization exponentsb and g by Klein and co-
workers were interpreted as Ising-like, consistent with
0163-1829/2003/67~10!/100406~4!/$20.00 67 1004
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anisotropy of thin-film SrRuO3. Using Fisher-Langer theory
to analyze their resistivity measurements, however, t
found anomalous specific heat critical exponentsaÞa8, and
suggested that this implies a breakdown of Fisher-Lan
theory, evidence of the exotic nature of this material.13,14

Their data were reanalyzed by Roussev and Millis as con
tent with conventional theory, but the original authors r
jected this reinterpretation.15,16 There has been no report o
the critical behavior of bulk samples, whereTc is 10–15 K
higher, and the only direct specific heat measurements ar
samples where inhomogeneity significantly broadened
transition.3,17 In this paper, we report high-precision magn
tization, resistivity, and specific heat measurements of sin
crystal bulk SrRuO3 throughTc .

Single-crystal samples of SrRuO3 with a resistivity ratio
R(300 K)/R(2.2 K)'100– 140 were prepared by a flu
growth technique at 1500 °C. After slow cooling to 1350 °
the samples were rapidly quenched through the cubic to
tragonal transition to orthorhombic transitions@between 800
and 975 °C~Ref. 18!# to room temperature, a technique us
in YBa2Cu3O61d to avoid twinning. Single-crystal x-ray
analysis of five SrRuO3 crystals from the same batch used
these experiments showed them to be untwinned. Fur
details of sample preparation and characterization are
scribed in Ref. 5. In the present work, the magnetizationM
of a single crystal sample (0.530.530.5 mm3, 883mg! as a
function of applied fieldHa and temperatureT was measured
in a superconducting quantum interference device~SQUID!
magnetometer.M was measured withH applied along the
easy axis, found by rotating the sample around all three
rections to find the maximum magnetization at 1 T at 160
just belowTc . The anisotropy at 160 K is small compared
that at 5 K,5 as expected; at 1 T, the easy axisM57.9
31023 emu, intermediate axisM57.831023 emu, and
hard axisM57.031023 emu. The hard axis was along th
samplec axis, as previously seen. The demagnetization f
tor D50.49 was determined from the slope of the low-fie
M vs Ha data, yielding the internal fieldH5Ha24pDM ;
but the value ofD has little effect on the analysis discuss
below. The resistivity was measured with a standard fo
probe ac bridge technique and the specific heat was m
sured with a low mass calorimeter using the relaxat
©2003 The American Physical Society06-1
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method. Near a second-order ferromagnetic phase trans
the specific heatCp , spontaneous magnetization@Ms
[M (H50)#, and initial magnetic susceptibility (x
[]M /]HuH50) show power-law dependence on the reduc
temperature,t[(T2Tc)/Tc with critical exponentsa, b, and
g, respectively, and atTc M (H)}H1/d.

M (H) is shown in Fig. 1 as anM2 vs H/M Arrott plot for
T nearTc . The isothermal curves are very linear, suggest
mean-field behavior withb50.5 andg51. To further refine
these values, as discussed extensively in Refs. 8 and 19
use an iterative modified Arrott plot scheme to obtainTc
5162.26 K, b50.5060.03 ~from logMs vs logt) and g
50.9960.03 ~from log 1/x vs logutu), as shown in the inset
of Fig. 1. To obtaind, we plot M vs H for the two closest
measured isotherms 162.2 and 162.4 K in Fig. 2; the inve
slope of logM vs logH ~shown in the inset! gives d53.21
and 2.85, respectively.d53.1060.3 was approximated by

FIG. 1. ~a! M2 vs H/M for single crystal SrRuO3 from T
5160 to 166 K in 0.2-K steps.~b! MS and 1/x @from intercepts in
~a!# vs T. Insets: log-log plots forMS and 1/x vs reduced tempera
ture t.

FIG. 2. M vs H at 162.2 and 162.4 K, closest toTc

5162.26 K. Inset: log(M) vs log(H).
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interpolation; this value is within error bars of the mean fie
value of 3.

The specific heatCp of a (0.130.630.6 mm3, 210 mg!
bulk single-crystal sample of SrRuO3 is shown in Fig. 3. The
data were taken by a relaxation method, using sensitive
membrane-based microcalorimeters, as described in Ref
and agree well with data shown in Refs. 3 and 17. The tr
sition is, however, significantly sharper and clearly sho
signs of fluctuations~upward curvature!. The data were fitted
in two ways: critical fluctuation analysis using a smoo
background with a grid search method to minimizex2, and a
mean-field model with Gaussian fluctuations. The form
method~described in Ref. 19! gave a good fit to the data, a
shown in Fig. 4, witha5a850.08460.04 and amplitude
ratio A/A850.6360.2, within error bars of Ising valuesa
5a850.1 andA/A850.524, to low reduced temperature
~0.0002 aboveTc and 0.001 belowTc).

16 Ising critical be-
havior is, however, inconsistent with the mean-field valu
found for the three magnetization exponents. We sugges
stead that critical fluctuations should not be observed u
extremely small reduced temperatures (,1024) are reached
because of the itinerant nature of the magnetism and co
quently long correlation length. We therefore fit the data
mean-field behavior, including the effect of thre

FIG. 3. Cp data ~open circles!, polynomial backgroundCpoly

~dashed line!. Dotted line: calculatedCMF that conserves entropy
truncated aboveTc to give a mean-field contribution to fit~thin
line!. Thick line: fit toCp including Gaussian fluctuations. Inset:Cp

data, fit, andCpoly in wider temperature range.

FIG. 4. LogCs8 vs logutu, whereCs85Cp minus the linear back-
ground A1Bt with A561.555 andB5103.12, found from ax2

grid search minimization procedure~described in Refs. 8, 16, an
19!. Negative slopea5a850.08460.04 ~error bars from the 2s
contours ofx2). Although fit is good, the fit shown in Fig. 3~mean-
field plus Gaussian fluctuations fit! is more consistent with critica
exponentsb, g, d.
6-2
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dimensional~3D! Gaussian fluctuations.20 Gaussian fluctua-
tions are associated with the variance inM (^DM2&5^M2&
2^M &2); these occur on a short length scale and do
change the mean value^M&. They have therefore no signifi
cant effect on magnetization, but give a contribution toCp

with the same form as that for critical fluctuations but with
universal exponenta5a850.5.

Following the procedure outlined by Inderheeset al. for
analysis of YBa2Cu3O72d ,21 we fit Cp

6(t)5(A6 /a)utu2a

1CMF1Cpoly with a50.5, 1 corresponds tot.0, 2 corre-
sponds tot,0, andCpoly is a polynomial fit to the back-
ground~taken from data far from the transition!. The mean-
field contributionCMF52 3

4 NkBTc](m2)/]T, whereN is the
number of magnetic electrons per mole of SrRuO3 ~a param-
eter fit by theCp data! andm(T)5M (T)/M (0) is obtained
by numerically solving the mean-field magnetization eq
tion for spin S51.22 This yields CMF in units of T/TMF ,
whereTMF;Tc . Tc,TMF because fluctuations suppressTc
from its calculated mean-field value. Again following Re
21, TMF5169.92 K, higher than the realTc5161.79 K, is
chosen such that the magnetic entropyNR ln(3) is conserved
~i.e., fluctuations suppress the transition, but conserve
tropy!. CMF below the realTc is then fitted with a fifth-order
polynomial. Figure 3 shows the resultingCMF and Cpoly .23

After subtractingCMF and Cpoly , Cp is fitted to Gaussian
fluctuations with critical exponenta50.5, giving N
50.6 mol andA/A850.68. Data points very close toTc
were removed from the fit due to presumed rounding.N
50.6 per mole is less than 1, the expected number ofS51
Ru ions per molecular unit if all electrons of Ru ions a
localized, but is consistent with the reduced low-temperat
low-field magnetizationps51.1mB , i.e., 0.6 per mole ofS
51 Ru ions50.632mB51.2mB . The amplitude ratio
A/A85n/2d/2 in a Gaussian fluctuation model wheren is the
number of spin components andd is the dimensionality.20

Our value ofA/A850.68 is close to 0.71, then52 value
~fluctuations ofXY-type spins!, consistent with the anisot
ropy of bulk SrRuO3 which is 5–10 T with easy axes in th
~001! plane.5,24

In order to understand the significant differences betw
our analysis ofCp and that reported by Kleinet al.,13 we also
made high-precision resistivity measurementsr(T) on a
bulk sample taken from the same processing batch. Fi
and Langer25 showed that short-range spin fluctuations n
Tc increase the carrier scattering rate and causedr/dT to
scale with the same critical exponenta as the specific heat
dr/dT;utu2a. Figure 5 shows the comparison among t
directly measuredCp with the polynomial background
shown in Fig. 3 subtracted@i.e., Cs(T)5Cp(T)2Cpoly],
dr/dT on the bulk sample, anddr/dT for the thin film
sample digitized from the data shown in Ref. 13. The rawCp
andr data for the bulk samples showed a 0.26-K differen
in Tc , likely associated with the different thermometers us
in the two separate experimental apparatuses of these
surements~commercial thermometers do not have absol
calibrations better than 1%; this 1% absolute differen
however, should have no impact on the analysis, which
quires accurate relative temperatures only!. A temperature
10040
t

-

n-

re

n

er
r

e
d
ea-
e
,
-

shift for dr/dT of 20.26 K was made in Fig. 5 to accoun
for this difference. The overlap betweenCS and dr/dT, as
shown in Fig. 5 for the bulk samples, is a strong confirmat
of the Fisher-Langer relation and the existence of fluct
tions nearTc ; to the best of our knowledge, this confirma
tion has not been previously seen in magnetic materials
which Gaussian fluctuations dominate~as opposed to mate
rials such as Fe, Ni, or Cr where critical fluctuations dom
nate!. The inset of Fig. 5 showsdr/dT vs Cs and demon-
strates a remarkable proportionality. Figure 5 also shows
thin-film dr/dT data from Ref. 13; data were shifted b
19.1 K, to account for the lowerTc ~150 K! of the films.
This data show a peak atTc , which is significantly broader
than the bulk sample data, but matches well away fromTc .
From these data, it appears that the analysis made in Re
is outside the critical regime, and may be negatively i
pacted by sample inhomogeneity or strains in the thin fil
grown on SrRuO3.

The data shown in Figs. 1–5 thus present an extrem
consistent picture of a transition dominated by mean-fi
behavior down to remarkably small reduced temperatures
a magnetic phase transition. Saturation magnetizationMs
and inverse susceptibility 1/x are well fitted with mean-field
parametersb50.5 andg51 over a wide temperature rang
This result is quite different than that of the thin film foun
in Ref. 14, in which an Ising fluctuation model was su
gested, but the present data are taken to significantly sm
reduced temperatures (t50.002 vs 0.01!, and on samples o
higher homogeneity~judging from the breadth ofTc shown
by the specific heat peak of Fig. 4 and the extremely la
resistivity ratio of the single-crystal samples used in t
study!. The M (H) exponentd53 is also consistent with
mean-field behavior. The specific heat is shown to scale w
dr/dT, indicative of fluctuation effects; these can be fitt
within a mean-field model including the effects of Gauss
fluctuations. As discussed in Ref. 26, critical exponents
sociated with the average value of^M&, i.e., b, g, andd, are
not affected by Gaussian fluctuations, butCp anddr/dT are
affected not only bŷM& but also by^DM2&.

FIG. 5. Solid line and left axis:dr/dT of bulk single crystal
sample;T shifted by20.26 K, as discussed in text. Open circle
and right axis:Cs5Cp2Cpoly from Fig. 3. Dotted line:dr/dT of
thin film digitized from Ref. 13;T shifted by 9.1 K due to different
Tc . Inset:dr/dT vs Cs .
6-3
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Specific heat was here fitted with a mean-field local m
ment S51 model, plus Gaussian fluctuations. As discus
in the introduction, the magnetic properties of SrRuO3 show
behavior between that of a local moment and itiner
model. It could, therefore, be of interest to determineCp in a
mean-field itinerant electron model, including effects of ba
structure. This was not attempted in the present work, an
not likely to significantly affect the critical analysis nearTc
except to change the mean-field parametersN, DC, and
TMF . This statement is based on fits toCp(T) with an S
5 1

2 local moment mean-field model; because of the linea
of Cp nearTc in mean-field models, only the overall scalin
factor N significantly changed.

Gaussian fluctuation analysis is valid in the same te
perature range as mean-field theory and hence has the

Ginzburg criterion for validity: tG.( 1
32 p2)(kB /DCj0

3)2,
where DC is the specific heat discontinuity andj0 is the
zero-temperature correlation length. True critical fluctuatio
are only significant fort,tG . TakingDC59.4 J/mol K from
CMF and using the smallestt50.0003 in our experimen
yield a lower boundary forj0 of 7 Å.

In conclusion, we have performed magnetization, resis
ity, and specific heat measurements on single-crystal SrR3
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